S
omatic diversification of antibody genes produces a large repertoire of receptors for recognition of pathogenassociated antigens. Antibody gene diversification occurs in two separate stages during B lymphocyte development. In early developing B cells, random recombination of germ-line-encoded variable (V), diversity (D), and joining (J) gene fragments leads to assembly of antibodies that can recognize most non-self antigens, but antigen binding is usually of relatively low affinity (1) . In mature B cells responding to antigen, antibodies are further diversified by somatic hypermutation (SHM), which introduces point mutations or occasional gaps and duplications in Ig heavy and light chain genes (2) . B cells carrying somatically mutated antibodies with high affinity for antigen are positively selected to produce plasma cells that secrete the high-affinity antibodies (3) .
SHM is initiated by activation-induced cytidine deaminase (AID) (4) (5) (6) , an enzyme that deaminates cytidine residues in single-stranded DNA exposed during Ig gene transcription (7) (8) (9) (10) (11) (12) (13) . U:G mismatches created by AID can be processed by a combination of uracil-N-glycosylase, mismatch repair enzymes, and error-prone polymerases to produce a diverse set of mutations in Ig gene DNA (11, (14) (15) (16) (17) (18) (19) (20) (21) (22) . Alternatively, the mismatches can be processed to produce double-strand breaks that lead to class switch recombination (CSR) or, rarely, to chromosome translocations (15, 16, 20, 21, (23) (24) (25) (26) (27) . Although AID initiates both SHM and CSR, the molecular requirements for the two reactions are distinct. For example, the carboxyl-terminal domain of AID is required for CSR but not for SHM (28) .
How AID is regulated to minimize genomic damage is not well understood but may involve active nuclear export of AID (29, 30) and specific targeting to Ig genes (reviewed in ref. 31 ). In addition, it has been suggested that posttranslational modification of AID by cAMP-dependent protein kinase A (PKA) may regulate the ability of AID to mediate CSR (8, 32, 33) . Here we report that in B cells only a fraction of the AID expressed is phosphorylated, but this form of AID is chromatin-associated and required for efficient hypermutation.
Results
Posttranslational modification of AID was investigated by using MS. AID was affinity-purified from B cells cultured in LPS and IL-4 and subjected to hypothesis-driven tandem MS (34) . We found single phosphorylation modifications on AID peptides containing serine-38, a consensus PKA phosphorylation site, and tyrosine-184 (Fig. 1A) . To confirm AID serine-38 phosphorylation we produced specific antibodies to AID phosphoserine-38 (anti-p38). Anti-p38 did not react with recombinant AID produced in bacteria but showed reactivity with AID purified from activated B cells in Western blots (Fig. 1B) and with recombinant AID that had been phosphorylated in vitro by recombinant PKA (Fig. 1C) . Anti-p38 antibody also recognized Flag-tagged AID (Flag-AID) but not serine-38 to alanine mutant Flag-tagged AID (Flag-AID S38A ) purified from retrovirally transduced AID Ϫ/Ϫ B cells stimulated with LPS and IL-4 ( Fig.  1D) . The slightly slower migrating form of AID detected by both anti-AID and anti-p38 (Fig. 1B) could reflect an additional modification such as tyrosine-184 phosphorylation. We conclude that AID is phosphorylated on serine-38 and that anti-p38AID antibodies specifically recognize serine-38-phosphorylated AID purified from B cells.
To determine which stimuli induce AID phosphorylation we activated spleen B cells with IL-4, LPS, LPS and IL-4, anti-CD40 and IL-4, or CpG (oligodeoxynucleotide containing unmethylated CpG dinucleotide motifs) and assayed for p38AID by immunoblotting. We found that IL-4 alone was not sufficient for AID induction but that all other stimuli tested induced AID and p38AID ( Fig. 2A) . The peak of p38AID production in B cells stimulated with LPS and IL-4 was 3 days after stimulation, and at this time there was less AID and p38AID in anti-CD40-and IL-4-stimulated cells than in those stimulated with CpG, LPS, or IL-4 and LPS ( Fig. 2 A and B) . Anti-CD40 treatment alone did not induce sufficient levels of AID expression to determine relative phosphorylation level (data not shown). Although AID phosphorylation at position 38 was found in B cells, it was not B cell-specific. This modification was also evident when AID was expressed in 293T and 3T3-NTZ cells at a level similar to or higher than in B cells (32, 33) (Fig. 2C) .
To determine the relative amount of phosphorylated AID produced in B cells we compared anti-AID and anti-p38 immunoprecipitates by Western blotting. Whole-cell extracts were immunoprecipitated with anti-AID or anti-p38 and probed with either anti-AID or anti-p38 antibodies. Comparison of the signal intensities by densitometry revealed that only 5-15% of the AID expressed in activated B cells is phosphorylated (Fig. 2D) . We conclude that a minor portion of the AID expressed in stimulated B cells is phosphorylated at position 38.
Under physiologic circumstances most of the AID expressed in B cells is in the cytoplasm, but translocation to the nucleus is required for AID function (29, 30, 35, 36) . To investigate how phosphorylation might affect the subcellular localization of AID we probed fractioned cell extracts with anti-p38AID antibodies. B cells were stimulated with IL-4 and LPS and then separated into cytosolic (S2), soluble nuclear (S4), and chromatinassociated (S5) protein fractions (Fig. 2E) . The cytosolic fraction (S2) was produced by hypotonic detergent lysis, and nuclei (P1) were purified by sucrose gradient centrifugation to remove contaminating cytosol. Nuclei were disrupted by hypotonic lysis to release soluble nuclear components (S4), and chromatinassociated proteins (S5) were released by salt extraction of the remaining pellet (37) (38) (39) . The relative purity of the fractionated extracts was determined by immunoblotting against pyruvate kinase, a cytosolic marker, and specificity protein (Sp1), which is a chromatin-associated transcription factor (37, 40, 41) . Our fractionation procedure allows leakage of nuclear material into the cytosolic fraction but yields soluble nuclear and chromatinassociated fractions that are relatively free of cytosolic contamination (Fig. 2F) . AID was immunoprecipitated from each of the fractions, and the relative amounts of AID and p38AID were measured by Western blotting. In agreement with others (29, 30, 35) , we found that most of the AID was in the cytoplasm and not in the nucleus (Fig. 2G) . Furthermore, there was little enrichment of p38AID in the soluble nuclear fraction, suggesting that position 38 phosphorylation does not directly alter nuclear transport of AID (Fig. 2G) . In contrast, chromatin-associated AID, which was 40% of the nuclear AID and Ͻ10% of the AID found in the cytoplasm, was highly enriched for p38AID (p38AID was 4.2-fold-enriched in chromatin versus cytoplasm; Fig. 2G ). Thus, in activated B cells chromatin-associated AID is preferentially phosphorylated.
Serine-38 appears to be required for AID to interact with replication protein A and for initiation of CSR, but the role of AID position 38 phosphorylation in somatic mutation has not been examined (32, 33, 42) . To examine the role of serine-38 in hypermutation we mutated AID serine-38 to alanine (AID S38A ) or aspartic acid (AID S38D ). We initially performed mutation assays in a uracil-N-glycosylase-deficient Escherichia coli that carry a plasmid encoding an inactivating point mutant kanamy- cin resistance gene to evaluate the activity of the mutants (12) . In this assay, reversion of CCA P94 to CTA L94 confers kanamycin resistance and is a measure of AID cytidine deamination activity (12) . We found that AID, AID S38A , and AID S38D displayed similar levels of activity (AID versus AID S38A or AID S38D ; P ϭ 0.48 and 0.5, respectively) (Fig. 3A) . Because AID is not phosphorylated in E. coli (Fig. 1) we conclude that AID S38A and AID S38D mutation do not cause structural alterations that interfere with catalysis in E. coli.
To determine whether serine-38 phosphorylation regulates hypermutation in mammalian cells we used 3T3-NTZ indicator cells, which express a single integrated copy of an inactive form of GFP with a premature stop codon that can be reverted by mutation to produce active GFP (Fig. 5 , which is published as supporting information on the PNAS web site) (43) . These cells phosphorylate AID at position 38 at levels similar to or higher than B cells stimulated with LPS and IL-4 (Fig. 2C) . Wild-type AID, AID S38A , and AID S38D were expressed at equivalent levels in 3T3-NTZ indicator cells, and both were able to induce GFP reversion mutations as measured by flow cytometry (Fig. 3 B and  C) . However, wild-type AID was more active than either of the mutants in this assay (Fig. 3C) . At later time points GFP expression decreased because of continued accumulation of mutations and deletions. (Fig. 3 C and D) (43) . The decreased activity of the AID S38D mutant indicates that phosphorylation on serine-38 adds more than just a negative charge at that residue.
To measure mutations directly we sequenced the GFP genes cloned from cells expressing retrovirally encoded wild-type AID or AID S38A 11 days after transduction (Fig. 3D) . We found that there were fewer clones with mutations in cells expressing AID S38A . All of the clones from AID-expressing cells showed at least two mutations, versus 21% with no mutations in AID S38A (P ϭ 0.008) (Fig. 3D ). In addition, there were more mutations per mutated clone in cells expressing wild-type AID than in those expressing AID S38A : 11 versus 1.8 mutations per clone, respectively (P ϭ 5 ϫ 10 Ϫ7 ) (Fig. 3D) , with a maximum of 29 mutations per clone in AID versus a maximum of 6 in AID S38A . Finally, 28% of clones from AID-expressing cells displayed deletions versus 3% for AID S38A (P ϭ 0.006, Fig. 3D ). Nevertheless, AID S38A displayed the same hotspot preference and G͞C bias as AID (Fig. 6 , which is published as supporting information on the PNAS web site). We conclude that AID phosphorylation at position serine-38 is required for efficient hypermutation in 3T3-NTZ cells.
To determine whether phosphorylation also regulates hypermutation in B cells we measured the rate of hypermutation in the region 5Ј of the Ig switch in B cells stimulated with LPS and IL-4 (44 -46) . AID Ϫ/Ϫ B cells were infected with AID-, AID S38A -, or AID S38D -expressing retroviruses (Fig. 5 ) for 72 h and initially evaluated for cell-surface expression of IgG1 by flow cytometry (45) . AID was produced at similar levels by all of the viruses (Fig. 4A) and at levels that were 10-fold higher than endogenous AID (47) . Despite similar levels of AID protein expression in all samples (Fig. 4A) , AID S38A -and AID S38D -expressing B cells showed a significantly lower rate of class switching to IgG1 than wild type: 6.2% and 6.4%, respectively, versus 17.0% with a background staining of 0.6% (Fig. 4B) . Overall switching in AID S38A -expressing cells was 35% of wild type in four experiments (P ϭ 0.0013) (Fig. 4 B and C) . The rate of 5Ј of Ig switch mutation was measured by cloning this region from purified, retrovirally infected IgM-expressing B cells that had not undergone CSR (45) . B cells expressing AID S38A displayed a lower rate of mutation than B cells expressing wild-type AID (P ϭ 0.026) (Fig. 4D) because of a decrease in the number of mutated clones (5.2% versus 14%; P ϭ 0.022) (Fig.  4D) and a slightly lower average number of mutations per mutated clone (1.1 mutations per clone in AID S38A versus 1.7 mutations in AID; P ϭ 0.09) (Fig. 4D) , with similar distribution and hotspot preference (Fig. 4D and data not shown) . We conclude that AID phosphorylation positively regulates hypermutation in B cells.
Discussion
Expression of AID in mouse or human B cells leads to programmed genomic damage and activation of signaling and repair pathways, which lead to antibody gene SHM and CSR under physiological circumstances (31) . However, AID-induced lesions can also lead to permanent genomic damage by serving as substrates for chromosome translocations or by producing mutations in non-Ig genes, including oncogenes such as Bcl6 or Fas (26, (48) (49) (50) (51) . Translocations are normally prevented by activation of DNA damage signaling proteins such as p53, but loss of function of p53 is a common feature of B cell malignancies, and this may facilitate further transformation by allowing accumulation of AID-induced translocations (47) . How AID is targeted to antibody genes and how untargeted mutations are prevented has not been determined, but the observation that AID expression can cause irreversible genomic damage suggests that regulation is likely to be essential in maintaining genomic integrity (31) .
Overexpression of AID in B cells enhances hypermutation and CSR, suggesting that the amount of AID in the cell is ratelimiting and that controlling AID concentration in the nucleus might be critical. At least three mechanisms appear to regulate AID activity in B cells: transcription, cellular compartmentalization, and phosphorylation. AID expression is restricted to activated B cells undergoing SHM and CSR by a combination of specific transcription factors including PAX5 and E47 (52, 53) , and the majority of AID protein is excluded from the nucleus by active nuclear export (29, 30) . The importance of these forms of regulation was confirmed by the observations that transgenic expression of AID produced thymic lymphomas in mice and that interference of AID nuclear export in fibroblasts enhanced mutation (30, 54) .
Our experiments confirm the assignment of serine-38 as a phosphorylation site on AID in activated B cells and show that phosphorylation regulates hypermutation, placing further limits on AID activity in vivo. In this study we used a retroviral overexpression system that we previously characterized to express AID at 10 times the native level in B cells (47) . Despite the overexpression, we observed a significant difference between AID and AID S38A activity in mammalian cells, suggesting that at lower, native levels of AID S38A expression there may be even greater differences between mutant and wild-type forms.
The amino acid sequence in the region of AID serine-38 conforms to a PKA consensus site, and PKA has be shown to be physically associated with AID in activated B cells (33) . PKA can also phosphorylate AID in vitro without affecting catalytic activity, suggesting that phosphorylation may impact AID function indirectly, possibly by facilitating interaction with other proteins (32) . Consistent with this idea, phosphorylated AID showed enhanced deamination activity on DNA templates transcribed by T7 phage polymerase in the presence of replication protein A in vitro, and AID S38A had severely impaired CSR activity compared with wild-type AID in retrovirally transduced AID Ϫ/Ϫ B cells (32, 42) .
cAMP-dependent PKA exists as a holoenzyme tetramer consisting of two catalytic and two regulatory subunits (reviewed in refs. 55 and 56) . PKA is a broad-spectrum serine͞threonine kinase that phosphorylates a large number of sites in diverse protein substrates. Accumulation of intracellular cAMP causes dissociation of the holoenzyme tetramer and activation of PKA catalytic units. PKA substrate specificity is regulated by interaction with A kinase-anchoring proteins (AKAPs), a diverse family of proteins with at least 50 known members. AKAPs regulate PKA by anchoring the enzyme to specific subcellular locations including ion channels, actin, microtubules, mitochondria, centrosomes, nuclear matrix, and nuclear and cellular membranes (57, 58). Thus, AKAPs physically limit PKA activity by restricting the location of the active enzyme in the cell. In the nucleus, PKA regulates transcription factors and gene expression as well as chromosome condensation. A number of AKAPs are known to localize to the nucleus (e.g., AKAPs 7͞95͞150), but little is known about possible PKA͞AKAP anchoring to active chromatin (55) . PKA is expressed in all cells, and AID phosphorylation is not B cell-specific. Nevertheless, AKAPs are differentially expressed, and regulated phosphorylation of AID may be B cell-restricted, requiring physiologic levels of AID expression. In 3T3-NTZ indicator cells or B cells overexpressing AID, p38AID was not enriched in the chromatin fraction (Fig.  7 , which is published as supporting information on the PNAS web site). However, overexpressed AID accumulates in the cytoplasm of those cells and may obscure p38AID enrichment in chromatin as assayed by cell fractionation. We speculate that nuclear AKAPs may regulate AID in B cells by producing the more active, phosphorylated form of the protein in the proximity of its DNA substrate. Consistent with this idea, p38AID was preferentially found in the chromatin-associated fraction in activated B cells.
p38AID represents a small fraction (5-15%) of the total AID expressed in B cells. Nevertheless, interfering with phosphorylation results in a Ͼ60% loss in both CSR and hypermutation. Therefore, the phosphorylated fraction of AID accounts for a disproportionate amount of its activity, and phosphorylation appears to be a key feature of AID regulation in vivo. Ϫ ͞GFP ϩ cells were sorted on a FACSVantage SE cell sorter (BD Immunocytometry Systems). PCR amplification and mutation analysis were performed as previously described (45) . Retroviruses for infecting 3T3-NTZ cells (43) were produced by using pQCXIP and pCL-ECO plasmids (CLONTECH). The NTZ-3T3 assay and GFP gene mutational analysis were performed as previously described (30) . Cells were cultured in the absence of tetracycline, and mutational analysis was performed on puromycin-selected cells regardless of GFP expression 11 days after retroviral infection. E. coli assays were performed exactly as previously described (12) .
Protein Analysis. To produce anti-p38 antibodies, rabbits were immunized with phosphopeptide CYVVKRRD(s-P)ATSCSLD (AID 30-45) coupled to keyhole limpet hemocyanin. Phosphospecific antibodies were purified by negative selection on unphosphorylated peptide AID 30-45 coupled to Sulfolink gel (Pierce) followed by positive selection on phosphopeptide AID 30-45 (59, 60) . Cells were extracted in lysis buffer (20 mM Tris, pH 8͞400 mM NaCl͞1% Nonidet P-40͞0.5 mM EDTA͞25 mM NaF͞1 mM DTT). To produce anti-AID antibodies, rabbits were immunized with AID residues 185-198 peptide-coupled to keyhole limpet hemocyanin (30) . After seven rounds of immunization antibodies were affinity-purified (30) . For immunoprecipitation, 2 mg of extracts were incubated with anti-AID antibody and protein A Sepharose (Amersham Pharmacia) for 2 h. For Flag immunoprecipitation, anti-Flag agarose beads (Sigma) were incubated with extracts for 2 h. Western blots were performed on the immunoprecipitated protein with anti-AID antibody or anti-p38 or on 50 g of extracts with anti-pyruvate kinase (Polysciences) or anti-SP1 (Upstate Biotechnology). For retroviral AID-expressing B cells, Western blots were performed on samples with equal GFP expression. NIH IMAGE was used for densitometry analysis.
PKA Phosphorylation. A total of 100 ng of recombinant AID purified from E. coli purchased from Enzymax was incubated with 1,000 units of PKA (Calbiochem) at 30°C for 30 min in 50 mM Tris (pH 7.5), 50 mM NaCl, 10 mM MgCl 2 , 1 mM DTT, and 200 M ATP.
Cell Fractionation. Activated B cells (4 ϫ 10 7 ) were washed in PBS and resuspended in buffer A (10 mM Hepes, pH 7.9͞0.1% Triton X-100͞10 mM KCl͞1.5 mM MgCl 2 ͞0.34 M sucrose͞10% glycerol͞1 mM DTT) for 8 min. Nuclei were collected by centrifugation (5 min at 1,300 ϫ g ). The supernatant (S1) was clarified by centrifugation (5 min at 20,000 ϫ g) and collected (S2 cytoplasmic fraction). The nuclei (P1) were resuspended in buffer I (0.34 M sucrose͞3 mM CaCl 2 ͞2 mM Mg acetate͞10 mM Tris, pH 8͞1 mM DTT͞0.5% Nonidet P-40͞10 mM NaF) and layered on a sucrose cushion buffer II (2 M sucrose͞5 mM Mg acetate͞0.1 mM EDTA͞10 mM Tris, pH 8͞1 mM DTT). The sucrose gradient was centrifuged (45 min at 30,000 ϫ g). The pelleted nuclei (P3) were washed and lysed in buffer B (3 mM EDTA͞0.2 mM EGTA͞1 mM DTT) for 30 min and then centrifuged, and supernatant was collected (S4 soluble nuclear fraction) (39) . The nuclei (P4) were resuspended in nuclear extraction buffer (20 mM Tris, pH 8͞500 mM NaCl͞0.5% Nonidet P-40͞1 mM DTT͞25 mM NaF) for 30 min to obtain the chromatin-associated fraction (S5). NaF was included to inhibit serine threonine phosphatase activity (38) . RIPA buffer (50 mM Tris, pH 8͞0.5% deoxycholate͞0.1% SDS͞1% Nonidet P-40͞0.5 mM EDTA͞25 mM NaF) was added to the cytoplasmic, soluble nuclear, and chromatin-associated fractions, and AID was immunoprecipitated from these fractions as above.
AID Purification and MS. B cell extracts were made in lysis buffer, cell debris was removed by centrifugation, salt was adjusted to 200 mM, and extracts were precleared with protein A Sepharose (Amersham Pharmacia) and MonoQ Sepharose (Amersham Pharmacia) before immunoprecipitation with affinity-purified anti-AID antibodies coupled to Dynabeads (Dynal) (30) . AID was eluted with elution buffer (50 mM Tris, pH 8.5͞0.5% SDS͞1 mM DTT), diluted into ion exchange buffer (20 mM Hepes, pH 7.8͞7 M urea͞1% Nonidet P-40͞50 mM NaCl͞1 mM DTT), and passed over SP Sepharose (Amersham Pharmacia) resin to retrieve AID and remove residual contaminants. AID was eluted with elution buffer run on an SDS͞PAGE gel, and gel slices were collected from regions corresponding to AID detected by Western blot by using anti-AID antibodies. The slices were treated with 50 mM iodoacetamide to alkylate cysteine residues. After dehydration of gel slices with 100% acetonitrile, proteins were digested with 10 ng͞l modified sequencing-grade trypsin (Roche) in 50 mM ammonium bicarbonate for 7 h at 37°C. Tryptic peptides were collected with POROS R2 C18 reversephase resin, washed twice with 0.1% trifluoroacetic acid, and eluted with 50% methanol͞20% acetonitrile͞0.1% trifluoroacetic acid through C18 ziptips (Millipore). Peptides were crystallized in 2,5-dihydroxybenzoic acid for MALDI-MS. Phosphorylation of peptides was determined by using a hypothesis-driven MS approach as described previously (34) . Putative AID peptides and phosphopeptides were systematically fragmented and analyzed by tandem MS by using MALDI-ion trap instrumentation (Finnegan). Peptide phosphorylation was identified in this experiment by the neutral loss of phosphoric acid (98 Da) upon fragmentation.
